Introduction {#s1}
============

Cancer is a multifaceted disease that begins with a single rebellion cell, in large part because of the induction of hypoxia and/or unprecedented detrimental damages to genes or even at epigenomes and irregular molecular inter-digitation. There exist organ-specific cancer subtypes, while many factors are involved in the intra-tumor heterogeneity.^[@R1]^ Further, compelling evidence supports a significant association between the lifestyle and cancer.^[@R2]^

The cancerous cells are able to alter a number of biological features, including shifting oxidative metabolism of glucose form mitochondria to aerobic glycolysis, aberrant metabolism of amino acids such as tryptophan, irregular metabolism of lipids, dysregulation of intracellular and extracellular pH, formation of a permissive milieu known as tumor microenvironment (TME), remodeling of extracellular matrix, irregular exosomal communication with neighboring cells, reforming of microvasculature and resisting the blood hydrostatic pressure with high oncotic pressure through unique interstitial fluid opposing the penetration of chemotherapies into deep regions of solid tumor.^[@R3]-[@R11]^ To recolonize and spread further and farther, cancer harbor a subset of cancer cells with stemness traits, so-called cancer stem cells (CSCs).^[@R12]^ The currently used strategies to control solid tumors appear to be inefficient, thus, much advancements are needed to fight such formidable disease.

Owing to targeting and controlled delivery and release capability of smart drug delivery systems (DDSs), they provide various benefits in diagnosis and therapy of cancer, including (a) effective targeting of desired biological sites (e.g., various types of cancer cells), (b) overcoming biological barriers, (c) possibility for surface modification and functionalization, (d) responsiveness to endogenous/exogenous stimuli, and (e) inducing maximal pharmacological effects with minimal inevitable side-effects in comparison with the conventional therapeutics.^[@R13]-[@R16]^ Of note, the release of drugs from the smart stimuli-responsive DDSs can be triggered by the external (e.g., light irradiation, ultrasound, mechanical stress, magnetic field) or internal (e.g., intracellular/extracellular variation of pH, temperature, biomolecular activities such as hormones, glutathione, ATP, enzymes, etc).^[@R14],[@R17]-[@R20]^ Of the stimuli-responsive DDSs, intelligent polymeric systems exhibit an abrupt change in their physicochemical properties in response to a small change in environmental stimulus resulting in significant drug release and pharmacological impacts. So far, a number of different stimuli-responsive polymers have been employed for biomedical applications, controlled delivery of drugs and tissue engineering, including poly(*N-*alkylacrylamide)s, poly(methacrylicacid)s, poly(vinylimidazole)s, cellulose, chitosan, etc. Of these, natural polymers offer excellent biocompatibility and biodegradability, and hence, have widely been used in the development of advanced pharmaceuticals.^[@R21]^ Among them, much attention has been paid to the natural polymer chitosan (CS) and its derivatives, in large part because of its unique characteristics. It is a biodegradable and mucoadhesive polymer that induces no/trivial toxicity and immunogenicity. Chitosan is produced by a deacetylation process of chitin which is one of the most abundant natural polysaccharides. Chitosan is composed of glucosamine and *N*-acetyl glucosamine units linked by β(1--4)-glycosidic bonds ([Fig. 1](#F1){ref-type="fig"}).
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It should be highlighted that the functional groups (amino and hydroxyl moieties) of chitosan provide a great possibility for its modification with various entities resulting in development of smart nanosystems (NSs) to tackle solid tumors.^[@R22]-[@R24]^ In this review, we discuss the most recent advances in the design and development of CS-based smart stimuli-responsive nanocarriers. [Scheme 1](#F5){ref-type="fig"} represents a CS-based targeted nanocarrier with the capability of controlled-release of cargo drug molecules in response to specific stimulus (e.g., pH, redox gradients, ultrasound, light, temperature, magnetic) or dual stimuli.

![](bi-7-269-g005){#F5}

pH-responsive nanocarriers {#s2}
==========================

Of the endogenous stimuli, pH alteration in biological environments are of specific interest in particular in solid tumors.^[@R3],[@R5]^ In fact, in the solid tumors, cancer cells metabolize glucose aberrantly producing lactic acids that are transported out of the cells into the extracellular fluid of the TME acidifying its milieu.^[@R3]-[@R5]^ Further, intracellular endosomal/lysosomal compartments (pH at a range of 5-6) of cancer cells possess high local acidities abnormally in comparison with the healthy cells/tissues. The targeted pH-sensitive nanocarriers offer valuable capability for carrying therapeutic agents into the TME and the vesicular trafficking machineries of the cancer cells, in which the release of cargo drug molecules can be triggered by the alterations of pH.^[@R14],[@R20]^ In a recent study, Unsoy et al developed doxorubicin (DOX) loaded pH-sensitive CS-coated magnetic nanoparticles (MNPs) for the in vivo targeting of tumor sites using magnetic field.^[@R25]^ The nanocarriers were found to be highly taken up by MCF-7 breast cancer cells through endocytosis. The nanocarriers, despite showing a high stability at the physiological pH 7.4, showed increased swelling rate at the lower pH values resulting in a slow intracellular release of DOX. Such behavior of the nanocarriers could induce an increased drug efficiency in TME maximizing the therapeutic capacity and overcoming the cancer cell resistance to DOX. In another study, a CS-based nanocarrier modified with a pH-cleavable linker was designed to target the hepatocyte mitochondrial targeting. The nanocarrier resulted in multistage pH response, lysosomal escape, controlled-release of cargo drug, and high antitumor activity.^[@R26]^ Cheng et al synthesized DOX-loaded endosomal-pH-activated nanoscaled self-assembly prodrugs utilizing acidic-cleavable hydrazine bond for the conjugation of DOX.^[@R27]^ The results revealed no burst release of DOX at the neutral pH, high cellular uptake and enhanced accumulation of the nanocarriers in tumor cells. The in vitro drug release investigation resulted in a fast drug release, change of drug release mechanism from anomalous transport (at pH 7.0) to combination pattern of diffusion/erosion-release (at pH around 5.0-6.0), and high cytotoxicity against HeLa cells with fairly low IC~50~. Hu et al reported on the synthesis of DOX-encapsulated pH-labile CS-capped mesoporous silica (MSN) nanocapsules, for the formulation of which (3-glycidyloxypropyl)trimethoxysilane was used as the linker between chitosan (i.e., as a gatekeeper) and the MSN. It should be stated that, due to the pKa 6.3 of chitosan, its molecular chains can be protonated in acidic values resulting in swelling of the chitosan chain, and consequently releasing of DOX.^[@R28]^ Lim et al studied the development of CS-based intelligent theranostic nanocomposites, which were found to cause a pH-sensitive drug release with magnetic resonance-guided images.^[@R29]^ This nanocomposite was engineered using *N*-naphthyl-*O*-dimethymaleoyl (*N*-nap-*O*-Mal) chitosan which is a pH-sensitive amphiphilic copolymer. Magnetic nanocrystals (MNCs) and DOX were then encapsulated into the engineered *N*-nap-*O*-Mal chitosan. This system displayed a rapid release of DOX upon the increase of the acidity. However, markedly high stability was seen under high pH conditions, which might provide sufficient capacity for diagnosing and monitoring therapeutics. The results demonstrated the effectiveness of this CS-based theranostic platform for the cancer therapy. [Table 1](#T1){ref-type="table"} presents several CS-based DDSs that can induce pH-triggered drug release inside the biological milieus.

###### Several pH-sensitive chitosan based multifunctional nanocarriers and their characteristics

  -------------------------------------------------------------------------- ----------- ---------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------
  **pH-Sensitive Nanocarrier**                                               **Cargo**   **Loading/release efficiency**                                                                 **Important results**                                                                                                                                                  **Ref**

  Chitosan/O-Carboxymethyl chitosan NPs                                      DOX         Loading efficiency: 21.4-72.87%\                                                               High entrapment efficiency.\                                                                                                                                           ^[@R30]^
                                                                                         Release efficiency:\                                                                           Favorable pH-responsive stability in gastrointestinal tract\                                                                                                           
                                                                                         44.99%, 38.36% and 79.36% at pH 1.2, pH 6.0 and pH 7.0, respectively.                          Lower drug release in acidic pH\                                                                                                                                       
                                                                                                                                                                                        Increased absorption of DOX by small intestine\                                                                                                                        
                                                                                                                                                                                        Improved oral bioavailability (\~42%)\                                                                                                                                 
                                                                                                                                                                                        Reduced cardiac and renal toxicity                                                                                                                                     

  Chitosan-g-D-α-Tocopheryl polyethylene glycol 1000 (TPGS-g-CT)             DOX         Loading efficiency : 40%\                                                                      Fast release under lower pH values\                                                                                                                                    ^[@R31]^
                                                                                         Release efficiency: 5.71%, 19.3%, and 23.9 at pH 7.4, pH 6.8, and pH 5.5, respectively.        High cytotoxicity against human hepatocarcinoma cells (HepG2 and BEL-7402) and human breast adenocarcinoma cells (MCF-7), along with enhanced cancer cell apoptosis\   
                                                                                                                                                                                        More effectiveness of the DOX loaded nanocarriers compared to adriamycin\                                                                                              
                                                                                                                                                                                        Improved pharmacokinetic properties and antitumor activity of DOX loaded nanocarriers compared to adriamycin                                                           

  Carboxymethyl chitosan capped AuNPs                                        DOX         Loading efficiency: 83.3%\                                                                     CS was used as both capping agent and reducing agent\                                                                                                                  ^[@R32]^
                                                                                         Release efficiency: 96.6%, 88.82%, and 10.46% in acetate and phosphate buffer, respectively.   High stability of CS reduced AuNPs in various pH values (With and without DOX)\                                                                                        
                                                                                                                                                                                        Enhanced cell uptake of nanocarriers in acidic pH values\                                                                                                              
                                                                                                                                                                                        Drug release at acidic pH due to ionizing carboxylic groups of CMCs\                                                                                                   
                                                                                                                                                                                        Enhanced absorbing of DOX loaded AuNPs by cervical cancer cells in comparison with free DOX                                                                            

  Low molecular-weight chitosan-conjugated poly(lactic-*co*-glycolic acid)   PTX         Loading efficiency:\                                                                           LMWCs as a pH-sensitive coating and a hydrophilic layer\                                                                                                               ^[@R33]^
                                                                                         6.3% for PTX-PLGA NPs, and 12.6% for PTX-PLGA-LMWC NPs\                                        pH-sensitive cell-interaction of LMWC-PLGA, along with pH-triggered delivery in weakly acidic milieus with enhanced cellular uptake\                                   
                                                                                         Release efficiency:\                                                                           Decreased opsonization and phagocytic uptake by hydrophilic LMWCs.                                                                                                     
                                                                                         11-12% and 76-83% by 3 and 24h in pH 7.4, and relatively low values in pH 6.2                                                                                                                                                                                         
  -------------------------------------------------------------------------- ----------- ---------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------

Redox-responsive nanocarriers {#s3}
=============================

The redox responsiveness, which is resulted from the alterations in the redox activity between extra-and intra-cellular milieus, has been also made a progress in the design of the CS-based nanocarriers with controlled-release capability. It should be noted that desired nanocarriers can be prepared with selective sensitivity to the cancerous redox environment.^[@R34],[@R35]^ In a study, for example, a CS-based glycolipid-like micellar nanocarrier (CSO-ss-SA) with high sensitivity to the tumor cell reductive activity was developed. In this work, the biodistribution was shown in the liver, spleen, and tumor, while only the exposure to the intracellular glutathione (GSH) of tumor cells could induce a fast degradation of the nanocarrier followed by an intracellular drug release. This resulted in effective tumor growth inhibition.^[@R35]^

Ultrasound-responsive nanocarriers {#s4}
==================================

The ultrasound (US) energy have been used to trigger controlled-release of the therapeutic agents.^[@R36]-[@R38]^ Recently, the synthesis of CS-based nanobubble containing a gas core, was reported by Cavalli et al.^[@R36]^ This nanostructure was suggested as an appropriate dual magnetic resonance imaging (MRI)-US detectable nanoplatform, and used as a theranostic agent for the MRI-guided therapy. The nanosystem was used for the co-delivery of prednisolone phosphate (PLP) as therapeutic agent electrostatically bound to the nanobubbles' shell and gadolinium (Ga) III complex as MRI-diagnostics agent. In this study, by exposure of the theranostic nanobubbles to the ultrasound stimulation at 37°C, an enhanced release of PLP was observed with no burst release effect ([Fig. 2a](#F2){ref-type="fig"}). Further, changes in relaxivity of the MRI probe and good *in vitro* echogenicity were also reported. In other studies, ultrasound triggered the release of insulin,^[@R38]^ and oxygen^[@R37]^ from CS-coated PLGA NPs ([Fig. 2b](#F2){ref-type="fig"}), and decaﬂuoropentane/chitosan core-shell nanobubbles have been shown, respectively.

![](bi-7-269-g002){#F2}

Light-responsive nanocarriers {#s5}
=============================

Light irradiation is a promising source for the activation of drug release in light-responsive DDSs. The drug release mechanisms include photo-induced-thermal effect, photo-isomerization or photo-cleavage of the chemical bonds in the nanocarrier structure.^[@R14],[@R39]^ The light-responsive offer a number of advantages, including on-demand stimuli-triggered drug release, simultaneous cancer imaging and drug release,^[@R38]^ and efficient tumor growth inhibition.^[@R40]^ In a recent study, Srinivasan et al reported on the production and characterization of IR820-chitosan conjugates and showed its potential as a multifunctional imaging-hyperthermia NS in the diagnosis and therapy.^[@R41]^ The IR820-chitosan conjugates were shown to produce heat upon the revelation to 808 nm laser resulting in the cell growth prevention through hyperthermia in cancer cells such as MES-SA, SKOV-3, and Dx5 cell lines. These researchers suggested that the localized image-guided hyperthermia could be done using IR820-chitosan conjugates, whose removal for the body was shown to occur via the hepatobiliary system and hence detected in the feces that was different from the free IR820.

Temperature-responsive nanocarriers {#s6}
===================================

Temperature-sensitive materials have also been utilized for the production of smart DDSs using various polymers. Of the thermosensitive polymers, poly(N-isopropylacrylamide) (PNIPAAm) and its derivatives are considered as one of the vastly used polymers in development of the temperature-responsive DDSs.^[@R42],[@R43]^ In this regard, various CS-based carriers equipped with thermo-responsive moieties have been reported, including nanoaggregates,^[@R44]^ NPs,^[@R45]^ core/shell microspheres,^[@R46]^ micelles^[@R47]^ and hydrogels.^[@R48]-[@R50]^ The mechanism pertaining to the temperature responsiveness of these polymers is based on the changes in the hydrophobicity in the vicinity of the transition temperature of the polymers, so-called low critical solution temperature (LCST). Below the LCST, these polymers are water-soluble and hydrophilic, and hence are swollen, in large part due to the hydrogen bonding between their functional moieties and water molecules. However, above the LCST, the hydrogen bonding collapses, resulting in the formation of insoluble hydrophobic polymers, which then shrink. Such behavior could serve as an on-demand and triggered the release of cargo drug molecules.^[@R15],[@R51]^ Further, diverse applications regarding thermo-sensitive CS-based platforms have been exploited for anticancer drug delivery,^[@R45],[@R46],[@R50]^ tissue regenerative applications,^[@R49]^ nasal drug delivery,^[@R48]^ and macromolecules (e.g., protein) delivery.^[@R44]^ In a study conducted by Qi et al, temperature-responsive self-assembled NPs composed of chitosan-*g-*PNIPAAm and sodium alginate-*g*-PNIPAAm was synthesized using free radical polymerization method in order to control the release of 5-fluorouracil.^[@R52]^ At the temperatures above the LCST (e.g., 37°C), the hydrophilic to the hydrophobic transition of PNIPAAm chains occurs leading to an aggregation of NPs. In the study performed by Cheng et al., a PNIPAAm-g-carboxymethyl chitosan with a size range of 100-200 µm was formulated as hydrogels, which displayed a proper hydrophilicity and the LCST near 32°C.While the hydrogels were non-toxic to NIH3T3 cells, cisplatin incorporated hydrogels demonstrated markedly high anticancer activity against A549 cancer cells via a sustained-release pattern.^[@R50]^

Magnetic-responsive nanocarriers {#s7}
================================

By the injection of magnetic-responsive nanocarriers and the externally used of the focused magnetic field on target tumor site, these nanocarriers could be directed to the cancerous cells resulting in an efficient effective accumulation and impacts of the drug on the desired location.^[@R16],[@R53]^ Given that MNPs are generally produced in an organic phase, an appropriate surface modification is necessary for their transformation to the aqueous media. In this line, amphiphilic polymers display much better physicochemical stability, biocompatibility, half-life in the blood. Further, surface functionalization of polymeric backbone is plausible using different functional entities such as imaging agents, targeting/homing agents and stimuli-responsive moieties.^[@R54]^ Among various polymers, chitosan and its derivatives have been introduced as one of the widely used coating materials for MNPs.^[@R54]^ Mansouri et al reported the use of palmitoyl chitosan for the co-encapsulation of superparamagnetic iron oxide (SPINOs) and PTX by the nanoprecipitation method.^[@R55]^ The magnetic-responsive behavior of the engineered NPs was investigated by the Vibrating Sample Magnetometer method. These NPs exhibited about 69% PTX loading potential. The in vitro release examination confirmed that the drug release pattern could be controlled by applying a magnetic field. The encapsulated PTX molecules together with the hyperthermic effect of SPIONs by applying an external magnetic field exhibited an enhanced cell death in the breast cancer MCF-7 cells. Recently, Zhong et al fabricated folic acid (FA)-conjugated magnetic chitosan nanocapsules, which were used for the reduction-responsive release of coumarin 6.^[@R56]^ The thiolated chitosan was functionalized with FA and immobilized with thiolated MNPs, the drug molecules and fluorescent probes were included via the sonochemical method to produce nanocapsules. The synthesized nanocarrier displayed a spherical morphology and an excellent magnetic-responsiveness. The nanocapsules were shown to be selectively uptake by the Hela cells via folate receptor-mediated endocytosis. Furthermore, the reduction-responsive drug release behavior indicated the potential of the engineered nanocarriers as the dual magnetic- and reduction-responsive DDS. These advanced DDSs are further discussed in the following section.

Dual stimuli-responsive nanocarriers {#s8}
====================================

Combination of different stimuli may result in the formulation of improved DDSs with unprecedented properties.^[@R14],[@R20]^ In a study, a chitosan-based micellar nanocarrier was developed via the self-assembly of amphiphilic glycol chitosan-*o*-nitrobenzyl succinate conjugates (GC-NBSCs), from which the release of drug molecules was triggered by the dual pH and light stimuli. The nanocarrier was reported to be efficiently internalized by the MCF-7 cells via endocytosis, releasing the anticancer drug, camptothecin (CPT) into the cancer cells ([Fig. 3a](#F3){ref-type="fig"}). In fact, under simultaneous acidic pH values and UV light irradiation, an enhanced drug release profile was obtained indicating cytotoxicity and high cancer cell proliferation inhibition efficacy ([Fig. 3b](#F3){ref-type="fig"}).^[@R57]^ In another study, the pH and temperature stimuli were exploited as a dual responsive system, in which chitosan was grafted to N-(2-hydroxyethyl)prop-2-enamide (HEPE) forming a self-assembled core-shell nanostructure. At the lower pH (e.g., pH=5.4) and higher temperatures over LCST (e.g., 37°C), this nanocarrier showed a rapid release profile.^[@R58]^ Further, other pH/temperature dual-sensitive chitosan-based platforms for the cancer therapy have also been reported in some studies.^[@R59],[@R60]^
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Yadavalli et al capitalized on the synthesis of a multimodal imaging and dual stimuli-responsive chitosan-based nanocarrier tagged with fluorescein and FA, which was used for the targeted delivery of curcumin.^[@R61]^ In this work, PNIPAAm and gadolinium-doped nickel ferrite MNPs were employed respectively as the thermo-sensitive moiety and the enhanced T1 MRI contrast agent. The NS was able to perform the contrast function via the superparamagnetic feature, and the hyperthermia and controlled-release of cargo molecules via applying an alternating current magnetic field. This NS indicated intrinsic biocompatibility and non-toxicity, and consequently resulted in thermo-responsive drug release and cancer cell apoptosis.

Smart dual-sensitive DDSs have shown great potential for the co-delivery of drugs. Recently, in order to overcome anti-cancer drug resistance and inhibition of cancer metastasis mainly occurred by CSCs, a nanocarrier was prepared for the co-delivery of hydrophobic DOX and hydrophilic CPT by an active targeting and dual pH/temperature-responsive drug release. Hyaluronic acid (HA) was used for the active targeting of the CD44 receptor, commonly overexpressed on various CSCs. The results demonstrated a high efficiency in the delivery and fast release of drug molecules, which provided an enhanced synergistic anticancer impact.^[@R63]^

It should be also noted that hypoxia/light dual responsive chitosan nanocarriers have been considered as a novel DDS. Lin et al synthesized CS-based micellar with selective photorelease behavior. Once exposed to the specific physiological condition of tumor-hypoxia, the engineered locked-phototrigger NS could be unlocked by the biological reduction resulting in the liberation of the caged drug molecules by means of the visible light/ two-photon NIR excitation. The CS-based nanostructure was proposed to provide a markedly high discriminating photorelease of anticancer drug based on the hypoxia in the tumor microenvironment impacting the hypoxic tumor cells. Such phenomenon was achieved through photo-cleavage of nitroimidazole-locked coumarin chromophore as shown in [Fig. 3](#F3){ref-type="fig"}c.^[@R62]^ In this study, a significant photo-triggered release of anticancer drug molecules was attained in the hypoxic cells, while the healthy oxygenated cells remained untouched, indicating selective eradication of tumor cells solely ([Fig. 3](#F3){ref-type="fig"}d).

Final remarks {#s9}
=============

Despite the recent development in the targeted DDSs with a controlled-release profile, some limitations such as the premature and low release of chemotherapeutics agents to the target cancer cells may limit the in vivo impacts of these modalities. As a result, several advanced smart DDSs have been developed to provide a stimulus-triggered on/off drug release in response to various extra/intra stimulus in an on-demand manner. Of various polymers used for the development of such smart DDSs, chitosan and its derivatives possess unique characteristics. As a natural polymer, it can be functionalized with targeting and imaging agents, becoming a multifunctional DDS. Such capacity is due to the presence of functional groups in the polymeric matrix of chitosan, which makes it as a promising candidate for the formulation of smart nanocarriers. Compared with various synthetic polymers that impose cytotoxicity and even genotoxicity,^[@R64]-[@R73]^ chitosan and its derivatives offer great biocompatibility with excellent biodegradability. It is a mucoadhesive polymer, and hence, can be developed as a suitable DDS for the topical uses in the mucosal cancers.^[@R74]-[@R76]^ Smart chitosan-based NSs are envisioned to be translated into the clinical applications for the delivery of drug molecules with an on-demand release of cargo drugs into the target site. Once modified with homing and imaging agents such as quantum dots,^[@R77]^ the CS-based multimodal stimuli-responsive NSs can be used as a theranostics. The CS-based targeting NSs can be designed in a way to get benefits from both passive and active targeting mechanisms and to respond simultaneously to the endogenous and exogenous stimuli.
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Review Highlights {#s13}
=================

What is current knowledge? {#research1}
--------------------------

1.  √ Stimuli responsive nanocarriers as advanced drug delivery system (DDS) are able to release the entrapped drugs efficiently in response to specific stimuli (e.g., pH, enzymes, temperature, light, ultrasound, magnetic field, etc.).

2.  √ As a natural polymer, chitosan is highly biocompatible and biodegradable.

3.  √ Chitosan can be modified with different agents becoming a smart multifunctional DDS.

What is new here? {#research2}
-----------------

1.  √ Dual stimuli-responsive DDSs consisting of two stimuli provide an improved drug delivery platform for an enhanced cancer therapy.

2.  √ Chitosan-based multimodal stimuli-responsive nanoplatforms can be used as a theranostic for simultaneous imaging and therapy of cancer.

3.  √ Chitosan-based stimuli-responsive nanoplatforms can be designed to benefit from both passive and active targeting mechanisms.

4.  √ Chitosan-based multimodal stimuli-responsive nanoplatforms can be used as an alternative to the conventional chemotherapies.
